A lethal disease characterized by hemorrhage and necrosis of the brain, testes, and epididymides developed in young adult rats housed in specific pathogen free quarters. Morphological, virological, and serological investigations of the outbreak indicated that thẽ robable causative agent was rat virus (Kilham), a common parvovirus of rats that usually Induces persistent, asymptomatic infection in adult rats.
Parvovirus infection is common in laboratory and wild rats [7, 9, 21, 22] . The first parvovirus isolate, rat virus, was found in tumor-bearing rats [14] and is the type species for the genus Parvoviridae. It has a predilection for rapidly dividing cells [15] as exemplified by the induction of granuloprival cerebellar hypoplasia and hepatic necrosis in suckling rats [II] and can cause death and resorption of fetal rats. Rat virus is apparently species specific during naturally occurring infections, but rat parvoviruses can induce cerebellar hypoplasia or skeletal deformities in other experimentally infected species [8, 10] . H-l virus is an antigenically distinct rat parvovirus that can cause neurological and skeletal aberrations and fetal resorption in experimentally inoculated rodents [12, 24] , but it is believed to be nonpathogenic in naturally infected rats.
Parvovirus infections in adult rats usually are latent, but virus can be activated by immunosuppression to cause hemorrhagic encephalomyelopathy [6] . Similar lesions accompanied by cerebellar necrosis can be induced experimentally by intracerebral or parenteral inoculation of suckling rats [4, 16] . The outbreak described here is, to our knowledge, the first full report of a naturally occurring hemorrhagic disease in post-weanling parvovirus-infected rats. Preliminary descriptions of this episode were published elsewhere [7] .
One hundred seven-week-old, parvovirus-free outbred albino male rats (Crl:COBS, CD) were placed in a large commercial breeding colony containing adult rats with serum antibody to rat virus. One week later, 50 parvovirus-free male weanlings (three weeks old) were added to the colony. About one week after the second group was added, 25 older and seven younger rats died and several others in each group had signs of illness including: dyspnea, ruffled haircoats, hunched posture, lethargy, muscular weakness, weight loss, dehydration, swollen abdomens, and cyanotic scrotums. None of the breeding stock or nursing litters in the colony developed clinical signs.
Materials and Methods
Animals: Young adult, pathogen-free, WAG/Rij and SHR (spontaneously hypertensive) rats used for experimental inoculations of virus were obtained from a barrier-maintained breeding colony at the Yale School of Medicine. They were housed in plastic cages with filter bonnets and were fed sterile food and water ad libitum. The cages were held in an isolation room provided with nonrecirculated air.
Pathology: Rats were euthanatized with ether and exsanguinated. Pieces of the following tissues were fixed in 10% neutral buffered formalin for histological examinations: brain, eye, lacrimal glands, sublingual and submaxillary salivary glands, peripheral lymph nodes, skin, heart, aorta, lung, thymus, trachea, thyroid and parathyroid glands, esophagus, small intestine, cecum, large intestine, liver, spleen, pancreas, kidneys, adrenal glands, testes, epididymides, accessory sex glands, urinary bladder, urethra, skin, bone marrow, and femur. Tissues were embedded in paraffin, sectioned at 5 ILm, stained with hematoxylin and eosin (HE), and examined by light microscopy. Selected tissues were stained with periodic acid-Schiff.
Virology: Pieces of liver, spleen, testis, and lymph node were excised aseptically and stored in screw top vials at -60°C. Tissues for virus isolation were homogenized (10% weight! volume) in cold saline in a glass grinder. Aliquots were inoculated into monolayer cultures of primary embryonic hamster fibroblasts or primary fetal rat kidney [14J. Cultures were examined daily for seven days for cytopathic effect and were tested for rat parvoviral hemagglutinins [20) . Sera initially were assayed for hemagglutination inhibiting antibody to rat parvoviruses and for antibody to other common murine viruses [3, 5, 20, 22J. Rat virus obtained from the National Cancer Institute (Bethesda, MD) and Toolan H-l virus, obtained from the American Type Culture Collection (Rockville, MD) each were passaged serially three times in C6 rat glial cells to generate stocks for neutralization testing. The procedure for the neutralization test was similar to that previously described for mouse hepatitis virus [2J. Briefly, 50 ILl of infected tissue culture fluid containing approximately 4 10gIO tissue culture infective doses, of challenge virus were incubated for one hour at 37°C in wells of microtiter transfer plates (Dynatech Laboratories, Inc., Alexandria, VA) containing 50 ILl per well of the appropriate serum dilutions. These mixtures were added to 96-wellculture vessels (Coming Glass Works, Coming, NY) containing 2 X 16' C6 cells per well. The cells were maintained in a 5%CO2, 37°C atmosphere and were scored on days three through seven post-inoculation for the development of cytopathic effect. Serum neutralizing titers were expressed as the reciprocal of the serum dilution completely inhibiting the development of cytopathic effect. Two replicates of each serum dilution were included in the tests.
Microbiology: Samples of blood, lung, and small intestine were cultured for aerobic and anaerobic bacteria and the nasopharynx was cultured for Mycoplasma sp. by standard techniques.
Results
Gross lesions: Four nine-week-old CD rats and seven four-week-old CD rats from the outbreak were necropsied. Rats in both groups had red, fibrin-covered testes and severe scrotal hemorrhage ( fig. 1 ). There also was generalized congestion of lymph nodes and loss of body fat. Two juvenile rats had enlarged yellowish livers and ascites, and one of these rats was icteric. Splenomegaly was detected in one rat.
Microscopic lesions: The most common and severe lesions in both age groups were hemorrhage and necrosis in the brain, testes, and epididymides . In the brain , disseminated foci of hemorrhage and necrosis occurred in the medulla, cerebellum , and cerebral cortex ( fig. 2, 3 ). Lesions varied in size and occurred in both gray and white matter. Spinal cords were discarded inadvertently, so they were not examined. The testicular and epididymal lesions were characterized by hemorrhagic infarcts (figs. 4-6) and occasionally were associated with thrombosis of regional vessels. Amphophilic intranuclear inclusions were detected in some surviving capillary endothelial cells. Juvenile rats had mild focal cholangitis accompanied to a variable extent by biliary hyperplasia. An occasional intranuclear inclusion was seen in bile duct epithelium ( fig. 7 ). Focal hepatocellular necrosis, hypertrophy, and vacuolar degeneration were observed occasionally. Subcapsular necrosis was accompanied by focal fibrinous peritonitis of Glisson's capsule. Serology, virus isolation and microbiology: Routine serological monitoring previously had shown that parvovirus infection was enzootic in the colony. Sera from CD rats with clinical signs had hemagglutination inhibiting antibody to rat virus (titers ranged from 1:80 to 2: 1:320), but no serum antibodies to H-l virus, Sendai virus, rat coronaviruses, mouse adenovirus, and lymphocytic choriomeningitis virus were detected.
Rat virus antigen was detected in primary hamster embryo cultures inoculated with spleen, testes, lymph node, liver, and bone marrow from a rat with hemorrhagic lesions. The antigen was confirmed as rat virus by the hemagglutination inhibition test using rat virus-specific and H-l specific immune serum. No H-l viral antigen was detected in these tissues. Naturally infected rats were free of detectable Mycoplasma sp. and pathogenic bacteria.
Attempts were made to reproduce the disease by intraperitoneal inoculation of eight weanling SHR rats per tissue with 0.75 ml of a 10% suspension of spleen, testes, lymph node, liver, or bone marrow. The rats remained asymptomatic and were necropsied one month post-inoculation. Several rats had mild proliferative cholangitis, but no hemorrhagic lesions were found. Pooled sera from two rats of each group were collected at necropsy and had hemagglutination inhibiting antibodies to rat virus and H-l virus. Sera ofeight uninoculated control rats remained negative. Adult, specific pathogen free WAG/Rij rats were inoculated with spleen and testis from naturally infected rats. Sera from three of four rats tested 21 days after inoculation contained hemagglutination inhibiting antibody (titers from 1:10 to 1:80) and neutralizing antibody (titers 1:5 to 2: 20) to H-l virus. Two of the H-l positive sera also contained hemagglutination inhibiting and neutralizing antibodies to rat virus. Sera from three control rats remained negative.
Discussion
The expression of parvovirus infection in rats can vary clinically and morphologically. The hemorrhagic syndrome described here has been reported in rat virusinfected adult rats that were immunosuppressed with cyclophosphamide [6] , but no reports have been made in association with natural infection in normal rats.
Our findings suggest that the hemorrhagic disease was caused by rat virus rather then by H-l virus. Rat virus infection was enzootic in the colony into which the susceptible rats were placed shortly before the outbreak began. The hemorrhagic Flg.5: Seminiferous tubules undergoing necrosis; interstitial hemorrhage. Fig. 6 : Epididymal hemorrhage. Flg.7: A biliary epithelial cell with prominent intranuclear inclusion (arrow); mild nonsuppurative cholangitis. lesions in the central nervous system were similar to those described for immunosuppressed rats with natural or experimental rat virus infection. Rat virus-like inclusion bodies were found in several affected tissues (liver, testis). Rat virus antigen was detected in tissues of an affected rat, and pathogen free rats inoculated with tissues from rats with naturally occurring disease developed anti-rat virus antibodies. The rats had no antibodies to nonparvoviral antigens and none were infected with common microbial pathogens.
No antibodies to H-l virus were detected in the serum of sick rats and no virus was recovered from the tissues examined. However, seroconversions to H-l virus occurred among rats experimentally inoculated with infected tissues. This suggests that the colony sustained infection with H-l coincident with the outbreak, but that no seroconversions were prevalent yet. This reasoning is supported by the fact that antibody to H-l virus was detected in the colony when it was tested several months later. Dual infections with parvoviruses occur frequently in rats, but H-l virus is believed to cause only asymptomatic infection. It is unlikely that H-l virus was primarily responsible for the disease, but the possibility that H-l virus potentiated the development of the lesions cannot be ruled out.
The distribution of hemorrhagic lesions reemphasizes that the susceptibility of vascular endothelium to parvovirus-induced damage is not limited to the central nervous system (18, 19] . The lesions were considered fatal and were attributed to thrombosis and infarction. Rat virus-like inclusions were found in vascular endothelium in and adjacent to hemorrhagic infarcts of the testis and epididymis. Others [1] found that platelet-fibrin aggregates had an affinity for rat virus-infected endothelial cells and it has been suggested that rat virus-induced endothelial injury activates blood clotting [1, 4, 16] .It is reasonable to assume that the thrombosis and infarction found in the current outbreak was secondary to viral-induced alterations to vascular endothelium. In a retrospective study [17] , rat virus inclusions in megakaryocytes in spleen and in bone marrow were found. The authors suggested that rat virus-induced coagulative disorders can exacerbate hemorrhagic lesions.
Hepatocellular swelling and necrosis was prominent in three younger rats, but not in older rats. Parvovirus is hepatotropic, especially in young animals, in keeping with its affinity for mitotically active cells [15] . The severity oflesions in the younger rats may have been related to their relatively larger population of dividing, virussusceptible hepatocytes [11] . Parvovirus-induced hepatocellular necrosis may occur in infected rats subjected to liver injury from hepatotoxic chemicals, parasitism or partial hepatectomy (13, 19, 23] . No evidence for preexisting liver injury was found in the rats examined in this study.
The conditions leading to this outbreak remain largely speculative. Post-weaned rats exposed to parvoviruses would be expected to sustain asymptomatic infection with high morbidity and little or no mortality [22] . It is unlikely that the level of stress associated with moving the susceptible rats to new quarters activated lethal infection. The affected rats were from an outbred stock whose inherited susceptibility to rat virus probably varies from animal to animal. This could help to explain why a relatively small number of animals developed active disease. It is useful to remember, in this context, that even among immunosuppressed animals, the incidence of clinically apparent disease is low [6] . The virulence of the rat virus strain in the colony also must be considered. Since rat virus infection had been enzootic in the colony for long periods, without clinical signs among weanlings or adults, a shift in virulence may have occurred. Introduction of a new strain of rat virus is remote since the animals were in a rigid specific pathogen free barrier. The feasibility for H-l virus to potentiate infection was addressed above.
Given the relatively primitive state of knowledge concerning factors that activate parvoviral disease in rats, our inability to reproduce the disease in small numbers of experimentally inoculated weanling SHR rats was not unexpected, but still was disappointing. Variables such as age, rat strain, route of inoculation, dose of virus, intercurrent infection and immune status would be candidates for evaluation. Factors that contribute to activation of naturally occurring latent parvoviral infection and to the development of vascular lesions also require further elucidation.
